THERE is a body of literature suggesting that temporal factors are of importance in the processing of color information by the visual system. Perhaps most striking, and likewise most difficult to understand in physiological terms, are the illusions of color elicited by flickering achromatic stimuli such as in the well-known Benham's top illusion. More directly, there is evidence that the temporal integrating properties of the three cone systems of trichromatic color vision are different. IKEDA and BOYNTON (1962) have shown that the spectral sensitivity of the eye depends on flash duration, and KELLY (1962) has similarly demonstrated that frequency of flicker is an important variable in determining the photopic spectral sensitivity of the eye. DE LANGE (1958) reported that when ,red and green stimuli are sinusoidally alternated in exact antiphase, the eye detects a residual brightness flicker that cannot be eliminated by varying the relative intensities of the stimuli. However, if both the relative proportions of the two lights in the mixture and the phase relations between them are varied, this residual flicker can then be eliminated. It has been suggested by WALRA~EN and LEEBFZK (1964) that these findings reflect frequency-dependent differences in the attenuation and phase characteristics of the color-mediating systems.
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The intensity variations as a function of time for a average intensity 1, can be expressed as : I(t) = I, (1 f nz sin 2$!) sinusoidally modulated light of (1) where m is the depth of modulation and f is the flicker frequency. In general, when a sinusoidally flickering light of modulation m is superimposed on a background of the same or of a different color, the effective modulation of the composite target is less than m.
Consider, for example, a photoreceptor with a spectral absorption curve p(h). If this photoreceptor is illuminated with a combination of a sinusoidally flickering light of wavelength At and it-radiance El and a background of wavelength A2 and u-radiance E2, the temporal variation in the number of quanta absorbed by the photoreceptor is given by the relationship: or U(t) = El p(hl) (1 fm sin 2$f)+Ez p (&) (2) m Et P(&) = (EI P(J+)+-& p(h2)) (1 i--. sin 2zf). El dWfE2 dA2)
It follows that when a flickering light of one color is superimposed on a background of another color the temporal variations in absorbed flux will be differently modulated in receptors with different absorption spectra. In the case of human color vision, which we have good reason for believing is mediated by three kinds of cone with each cone containing the same visual pigment (MARKS, DOBELLE and MACNICHOL, 1964) , the above observation provides the basis for designing an experiment in which a flickering stimulus is detected by only a single kind of cone.
In contrast to the experiments to be reported here, where a small, centrally fixated test stimulus is added to a much larger adapting field, KELLY (1962) has measured the sinusoidal frequency response of the visual system using a large "edgeless" field with the color of the flickering component different from that of the steady component. In the light of the nonuniformities in the distribution of receptor types over the retina, it is perhaps not surprising that his results show great complexity. It has not been possible to relate his findings to the present results obtained using conditions known to isolate the properties of the color-receptive systems in a local area of the retina.
METHOD
The optical system is shown in Fig. 1 . It consisted of two channels seen in Maxwellian view. One of these channels produced the background field and the other the test field. To form the background, the image of the filament of a tungsten source (S) was formed by Lt on an artificial pupil (AP). The background field was 12" in dia. The second channel produced a flickering test field, 2-O" dia., centered in the back- The intensity of the teat field was sinusoidally flickered by applying voltages of varying amplitude and freqw to a feedback circuit which controlled the current through the fluorescent tube. As reported by SPEIUING (1965) , the light output was found to be a linear function of the tube current over a range exceeding 10 to 1 with no appreciable color change. Measuring the output of the tube with an RCA type 934 vacuum photocell, it was found that the frequency response of the light control system was flat, Ll db, from 0 to 500 cps.
The subjects, whose pupils had been dilated with 0-S per cent tropicamide ~yd~acyl), were fixed in the apparatus by means of a bite bar and viewed the target through a 4 mm artificial pupil (AP). A spectacle lens (L2) was used to bring the flickering field, which was 114 cm from the artificial pupil, into focus on the retina. The subjects, who had normal color vision, adjusted a ten-turn potentiometer controlling the modulation of the sinusoidal flicker until they were satisfied that the flicker could just be detected. To average out any possible effects of prior adaptation to flickering lights (ALPERN and SUGIYAMA, 1961) measurements were made, two settings at each frequency, starting at the towest frequency and systematically increasing the frequency of flicker and then systematically decreasing flicker frequency. All the data points are the averages of rne~urern~~ made in two such experimental runs and are therefore the averages of eight settings.
Green Picker on a purple background
RESULTS
In particular, to isolate the green mechanism a Bickering green stimulus of limited extent was superimposed on a much larger bright purple background. The amount by which it is possible to reduce the temporal modulation for the red and blue receptors relative to the green receptors is determined by the pigments they contained. If one uses estimates of the spectral sensitivities of the red, green, and blue fovea1 pigments such as those of W&D (1964) , it is clear that since the absorption spectra are broad and overlapping it is not possible to depress the modulation in both the red and blue cones without also reducing the modulation for the green cones. Nevertheless, one estimates that the effect can be made about a factor of 10 greater upon the red and blue than upon the green receptors. Figure 2 shows the results of measuring the modulation thresholds for sinusoidal green flicker on a purple background on two subjects. The amount by which the purple background depresses the sensitivity of the green system depends on the relative intensities of test and background. The measurements indicated with tilled symbols were determined with the luminance of the purple background adjusted so that at peak modulation sensitivity the threshold modulation was about 10 per cent. This background produced a retinal illumination of 3.7 log trolands. Under these conditions one might expect that even 100 per cent modulated flicker would be below threshold for the red and blue systems. To estimate the extent by which the modulation sensitivity of the green mechanism is depressed by the purpIe background, me~ur~ents have been made at each temporal frequency with (tilled symbols) and without (open symbols) a neutral density titer before the flickering field. The details of the estimating procedure will be given later; for the moment it suffices to note that the modulation thresholds are changed by unbalancing the relative intensities of the test and background fields. The results of this experiment show that with green flicker/purple background the sinusoidal flicker characteristic is very much like that described for white flicker by DE LANGE (1958) . That is, near one cps the characteristics are almost horizontal. Up to about 10 cps, the modulation required by the subject to see flicker decreases. For frequencies higher than this optimum frequency, the modulation sensitivity-the reciprocal of threshold modulation-rapidly decreases.
Redflicker on a blue-green background
In the next experiment, a red flickering stimulus and a blue-green background were used to isolate the red mechanism. The results of this experiment are shown in Fig. 3 . As in Fig. 2 , the background was adjusted in intensity so that the peak modulation sensitivity was about a factor of ten above 100 per cent modulated threshold (filled symbols). This blue-green background produced a retinal illumination of 3.2 log trolands. The open symbols are measurements obtained after the test was brightened by removing a neutral density filter. Unlike the results shown in Fig. 2 , the frequency characteristics are different from that ordinarily obtained using achromatic ticker. For both subjects the characteristics are nearly horizontal from one cps up to about 8 cps. Above this frequency there is the usual rapid attenuation with increasing frequency. Figure 4 shows the results of measuring the modulation thresholds for a blue flickering test field superimposed on a bright yellow background. The yellow background produced a retinal illumination of 5.2 log trolands. This intensity is known, from earlier work on contrast with the previous findings, brightening the test field has little or no effect on the measured modulation thresholds. This indicates that the yellow background is not depressing the sensitivity of the receptive system determining the modulation thresholds, thus confirming that the yellow background has isolated the blue mechanisms. Quite clearly, the blue system has a much lower modulation sensitivity than either the green or red systems. The available measurements of the high frequency fall-off in modulation 596 DANIEL G. GREEN sensitivity define a curve similar in shape to that found with red flicker/blue-green background or with green flicker/purple background.
Blue flicker on a yellow background
Modulation sensitivity
The preceding results do not allow direct comparison of the response curves determined with different pairs of colors. Before this can be done there is the practical difficulty that the positions of the curves shown in Figs. 2 and 3 are necessarily arbitrary. The background illuminances were selected so as to place the lowermost sets of measurements (solid symbols) in a particular position along the modulation axis. A consistent method of assessing the relative sensitivities of the red, green, and blue mechanisms is needed. The problem is one of determining the modulation when the experimental conditions have been selected so that the flickering test target is detected by a single color mechanism. From equation (2) the modulation in a receptor having an absorption spectra p(X) is given by: or m* = m F ~(4) I WI d4)+E2 dti2)l. (
4) EI P(&)
Clearly, if one uses monochromatic sources of known energy and if the absorption spectrum of the pigment in question is known, then the modulation of the stimulus at threshold can be determined by direct calculation. The above approach is not practicable since none of the relevant quantities are known with sufficient precision. Fortunately it is possible to take a purely experimental approach to determining the effective modulation (GREEN, 1968) .
The extent by which the background depressed the modulation of the test field was determined by increasing the energy in the test field by a known amount and measuring the resulting change in modulation sensitivity. In the cases in question, the energy in the test field was increased by a factor of 4.5 by removing a neutral density filter from in front of the test field. Brightening the test field decreases the threshold modulation from ml to m2. Because the background field is much brighter than the test field, the net change in luminance is small, and it seems reasonable to assume that the threshold for the composite target remains the same. It then follows from the above assumption that: m* =mll(l+7) =m2/(1+7/4*5) (3 where 7 = Ezp(h2) / El p(hl). Solving the above equation for 7, the following relationship is obtained: 7 = (ml /m2-1)/(1-ml/4*5m2).
Once 7 has been calculated, it is possible using equation (5) to express the measurements in terms of the effective modulation. First, however, it seemed reasonable to assess the correctness of equation (6) by using it to calculate the modulation when the test and background were the same color. The measurements shown in Fig. 5 were obtained by superimposing a white test of the same photopic brightness as the colored test fields upon a white background. As in previous experiments, one set of measurements @led circles) was obtained after the intensity of the background had been adjusted so that the threshold was about 10 per cent at peak modulation sensitivity. This white background produced a retinal illu~nance of 3-O log trolands. Removing a neutral density filter, the intensity of the test was increased by a factor of 4.5. A second set of measurements (open circles) was then obtained. From the two sets of measurements ml/mz, the ratio of thresholds with and without the filter before the test was calculated at each temporal frequency. The mean ratio obtained was 3.15 50-W (S.E. of the mean). Using this figure in equation (6), 7 was calculated to be 7.17 &O-83 (S.E. of the mean). A bipartite field was formed by carefully blocking off opposite halves of the test and background fields. The background and test fields could then be matched in both color and brightness by varying the position of a neutral density wedge placed before the background field. By direct visual comparison it was determined that the background had to be attenuated by a factor of 8.0 to match the test. This is in reasonable agreement with the value of? found by the estimating procedure. Using the calculated value of T in equation (5), the two sets of measurements have been shifted along the log modulation axis into their correct position (triangles) when expressed in terms of the modulation of the complete target composed of both test and background fields, A smooth curve has been drawn through the two sets of shifted measurements. Table 1 summari zes the results of applying the estimating procedure to the experiments using colored flicker on complemental backgrounds. The calculated means with their standard errors are tabulated for both the quantities ml/m2 (the ratio of the thresholds with and without an attenuating filter) and 7 (the ratio of effective background and test intensities). By using the calculated values of 7 in equation (5), the measurements shown in Figs. 2, 3 and 4 have been replotted (Fig. 6 ) on an effective modulation scale. (STILES, 1949; BRINDLEY, 1954) , higher Weber fractions (STILES, 1939), greater spatial summation (BRINDLEY, 1954) , and lower contrast sensitivity for sine-wave gratings (GREES, 1968) . Recently, BRINDLEY et al. (1965) have reported that the blue mechanisms have a lower critical flicker fusion frequency.
The frequency at which 100 per cent modulated flicker is fused is a single point at the high frequency extreme of the de Lange characteristic. The results shown in Fig. 6 make it apparent that the major cause for the depressed flicker fusion frequency of the blue mechanism is its depressed modulation sensitivity. There are clear differences in the low 
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frequency region between the de Lange characteristic for the blue and those for the green. However, the high frequency portion of the blue de Lange characteristic is very similar in shape to those of the red and green mechanisms. Due to the depressed sensitivity of the blue mechanisms, only a limited part of the high frequency fall-off is available for comparison. The available measurements show no signs of the blue curve being shifted towards the low frequencies as would be expected if the processes mediating blue vision were for some reason relatively slow. This suggests that the depressed flicker fusion Srequency of the blue mechanisms may not be an independent property and may only reflect the well-known fact that the mechanisms have an elevated Weber fraction. Previous work on the properties of the red and green mechanisms have uncovered very few differences other than spectral sensitivity. However, as a result of these experiments it seems clear that the low frequency portions of the de Lange characteristics of the red and green mechanisms are quite different. Since we have no real insight into the causes for the low frequency fall in sensitivity, it is difficult to appreciate the significance of the red-green differences. The automatic gain-control model proposed by FUORTES and HODGKIN (1964) provides an attractive way of thinking about the peaked frequency responses of the visual system. The Fuortes-Hodgkin model is a filter with 10 identical stages, each of which is described by a first-order differential equation. The output of the filter is fed back to each stage and changes the parameters in the differential equation. As PINTER (1966) has'shown, this model can exhibit peaked frequency response characteristics similar to the kind shown in Figs. 2 and 5. A resonance in the flicker response characteristic occurs because, as the frequency increases, the negative feedback of the automatic gain-control turns into positive feedback due to the phase-shifts around the feedback loops. If the peaked frequency response characteristics determined psychophysically are caused by an automatic gain-control (A.G.C.), then it is necessary to postulate differences in the A.G.C. organization for the red and green mechanisms. Du CROZ and RUSHTON (1966) have shown that there are separate and independent A.G.C. systems for each of the color mechanisms. With this kind of arrangement it seems possible for each A.G.C. to have its own frequency response characteristic.
For the automatic gain-control system of Fuortes and Hodgkin, a threshold measurement is equivalent to measuring the small-signal temporal transfer function. Under small-signal conditions the Fuortes-Hodgkin model becomes a linear filter with negative, linear feedback from the output. In linear filters there are general relationships between the logarithmic-amplitude characteristics and the minimum-phase characteristics (BODE, 1945). On the basis of this kind of consideration, one expects that the differences in the shapes of the attenuation characteristics for the red and green mechanisms would lead to differences in their phase characteristics. At low frequencies the output of the red system should lag behind the green. Conversely, for frequencies above the response peak the output of the red system should lead the green. WALRAVEN and LEE~EEK (1964) have measured the phase shift between sinusoidally modulated alternating colored stimuli. Their results show the expected phase relations between red and green stimuli, including the reversal in phase at approximately the resonance peak in the amplitude characteristics.
